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INTRODUCTION
In spite of an apparent catholicity of leaf diet, Atta cephalotes L. (Formicidae, Attini) is highly selective of the plant species it attacks (Cherrett 1968 , Rockwood 1975 , 1976 Investigations of the role that secondary compounds might play in the avoidance of potential host plants by Atta cephalotes in the semideciduous forests of Guanacaste Province, Costa Rica Wiemer 1982, Hubbell et al. 1983 ) have also suggested that the ants avoid plant species whose leaves contain antifungal agents toxic to the alimentary fungus of the ants but not necessarily directly toxic to the ants. Although it is clear that plant secondary chemistry is not the only factor in host-plant selection by these ants, we believe it will be easier to separate and identify the other factors once the role of secondary chemistry is elucidated.
We undertook a systematic chemical examination of the plant species available to Atta cephalotes in the secondary forests of Santa Rosa National Park, Costa Rica, where the natural host-plant preferences of A. To address this question, it is necessary to screen potential host plant species for the presence of antrepellent substances. The presence of extractable repellents must first be shown. The second stage is to identify the compounds responsible for the repellency and determine whether they are ant-repellent at natural concentrations in leaves. The present paper reports on a preliminary screening of 42 plant species for ant repellents. These species account for roughly one-sixth of the plant species available to the ants at the Santa Rosa site. Species were collected as encountered along trails through the site. Of the 42 species, 6 are heavily cut by the ants.
Santa Rosa has a strongly seasonal climate with a pronounced dry season from early December until late April. During this dry season, more than half of the woody plant species shed their leaves, and many species flower. This seasonality is accompanied by major shifts in the foraging patterns of Atta cephalotes (Rockwood 1975 , G. Stevens and S. P. Hubbell, personal observation). The ants forage primarily on flowers during the dry season, whereas they forage mainly on leaves during the wet season. There are also major changes in foraging behavior and species preferences within the wet season. The preference of the ants for new leaves of many species is well known (Cherrett 1968 , Rockwood 1975, G. Stevens and S. P. Hubbell, personal observation), and there is a peak in foraging at the beginning of the wet season, when the decicuous trees are in new-leaf flush. Surprisingly, however, many species are attacked again (or only) late in the wet season, when the leaves are mature or senescent (G. Stevens and S. P. Hubbell, personal observation).
METHODS
If leaf secondary chemistry is important in host-plant selection by Atta cephalotes, then the seasonal changes in the attacked plant species should be correlated with seasonal changes in the chemical repellency of leaves. Therefore, we sampled leaves of all 42 species in midNovember 1981, Imo before the period of heaviest leaf fall, and again 6 mo later in late May 1982, 1 mo after the start of leaf flush. The leaves were collected both times from the same individual plant to avoid potential problems with interplant variability (e.g., Leaves collected in May or November were air dried and flown to Iowa, whereupon they were frozen and maintained at -20°C until extraction. Air drying the leaves before shipment could have resulted in the loss of some highly volatile ant repellents in some species. However, in studies of leaves shipped both refrigerated and air dried to Iowa, we found a total loss of a volatile ant repellent through air drying in only 1 out of 20 species. Moreover, only 1 of the nearly 30 active extract fractions from these species was especially volatile. This volatile ant repellent was a monoterpene isolated from the leaves of Astronium graviolens Jacq. (Anacardiaceae; Chen et al. 1984) . All remaining identified repellents were terpenoids or other compounds of low volatility, whether or not they were isolated from leaves shipped refrigerated from Costa Rica.
The laboratory bioassay procedure Wiemer 1982, Hubbell et al. 1983 ) consisted of a comparison of pickup rates of control and treated flakes of pressed rye offered to the foraging workers of a laboratory colony of Atta cephalotes. The treated flakes were soaked in an inert solvent (methylene chloride) plus the leaf extract to be tested for repellency, and the control flakes were soaked in solvent alone. A sample of 0.5 g of rye flakes was soaked in 1 mL of the solvent, or solvent and extract, for 1 min, and air dried. Equal numbers (60 flakes) of control and treated flakes were offered to the ants in a foraging arena in a random design. The pickup response of the ants to the flakes was videotaped, and the tape was analyzed to determine the number of control and treated flakes picked up by the time that half (30) of the control or treated flakes were taken, whichever came first. Extracts were judged to be repellent if fewer treated flakes than control flakes were taken, and attractive if more treated than control flakes were taken.
A modified binomial test was devised to evaluate the significance of differences. The null hypothesis was that there was no differential repellency or attractiveness of treatment vs. control flakes. For repellency, the significance of the difference in the numbers of control vs. treatment flakes taken was determined by calculating the conditional probability that n treatment flakes were removed, given that a total of 30 control + n treatment flakes were taken. For attractiveness, the conditional probability was of n control flakes in 30 treatment + n control flakes. This bioassay has given reliable, reproducible results over a several-year period and hundreds of runs. We have used it primarily to guide our efforts to isolate ant-repellent compounds from the leaves of avoided plant species. In the present survey, however, we used it to answer a simpler question: do leaves of plant species in the survey contain chemically extractable repellent substances? Leaves to be extracted were ground to a powder in a blender, and 100-g samples were extracted in Soxhlet extractors for 24 h in chloroform, to obtain the lipid-soluble, nonpolar substances, or in ethanol, to obtain the polar substances. The solvents were evaporated, and the extracted material (usually < 5 g) was weighed. Five percent of the extractable solids from the chloroform and ethanol preparations was then redissolved in 1 mL ofmethylene chloride for bioassay.
The field preference tests for leaves of the survey species were conducted in August 1982, midway between the seasonal dates of leaf collection for the chemical studies. The procedure consisted of offering the ants a uniform disk of each of several species simultaneously in "smorgasbord" fashion along active foraging trails. As soon as a disk was removed by the ants, it was recorded, and a replacement disk of the same species was put down on the trail. The procedure used in these tests was modified slightly from the method described in Hubbell and Wiemer (1982) , because not all 42 species could be run simultaneously. Accordingly, a standard was prepared, consisting of sucrosecoated oat flakes, which were attractive to the ants. The preferences for leaf disks were standardized between sets by expressing the number of leaf disks taken as a percentage of the number of sugar-coated oat flakes picked up during the same 1-h test. The oat flakes were prepared by soaking flakes in a 10% solution of reagentgrade sucrose for 1 min, and air drying them. Field preference tests were of 1-h duration.
The laboratory and field bioassays used here are pickup bioassays, and as such should be much more sensitive to the chemical rather than physical cues used in leaf selection by the ants. We took measurements of some physical parameters of the leaves suspected of influencing host-plant selection by the ants, including: (1) leaf mass per square centimetre (leaf density), (2) trichome density per square millimetre (sample size of n = 5 counts per species), (3) mean trichome length in millimetres (n = 10); and (4) type of trichome (0 = absent, 1 = simple hairs, 2 = stellate hairs). Some leaves also had a layer of pubescence, consisting of hairs too small, dense, and matted to count accurately; these leaves were described as "woolly." Cherrett (1972) showed that leaf mass per unit area (leaf density) correlates well with leaf toughness as measured by a penetrometer. Thus, leaf density is an indirect measure of cutting difficulty for the ants. In addition to these parameters, species were described by growth form (tree, shrub, liana), deciduous or evergreen habit, and as having lactiferous or nonlactiferous leaves.
RESULTS

Laboratory bioassays
The 42 survey species represented 26 families; of these species, 29 were trees, 10 were shrubs, and 3 were lianas (see Appendix). Half of the species (21) were deciduous or semideciduous (lose most of their leaves at least by late dry season). Only 4 of the 42 survey species had lactiferous leaves, about the same proportion of species as those in the forest as a whole (10%).
The results of the bioassay for repellency of the chloroform and ethanol extracts are summarized in Appendix. A two-tailed test was used, since we had no a priori expectation of repellency or attractiveness of the extracts to the ants. Because our bioassay measured repellency (control C minus treated 7), positive entries in the Appendix are repellent extracts, and negative entries are attractive extracts.
Chloroform extracts were significantly repellent in approximately two-thirds (66.7%) of the species in one or both seasons, whereas ethanol extracts were repellent in only about half (54.8%) of the species (Appendix). Repellency was much more common than attractiveness; extracts were significantly attractive in only five species (11.9%) when chloroform was the solvent, and in only eight species (19.0%) when ethanol was the solvent. The Appendix also shows that many species exhibit seasonal changes in their repellency or attractiveness to the ants.
These changes are revealed more clearly by plotting the bioassay score, C minus T, for the November samples against the score for the May samples (Figs. 1 and 2). Points in the first quadrant are species that were repellent in both seasons; species in the remaining quadrants were attractive in one or both seasons. The boundaries of the critical regions (P < .05) of C minus T for May and November are + 14 and -14. Bioassay scores > 14 are significantly repellent (upper right), while scores <-14 are significantly attractive (lower left). Nine species (Banisteriopsis, Calycophyllum, Cecropia, Eugenia, Jacquinia, Randia, Schoepfia, Stachytarpheta, and Trichilia) had chloroform extracts in May that were neither significantly attractive nor repellent (Fig. 1) . One of these species (Jacquinia) became significantly repellent in November, but the eight remaining species of this group did not. Jacquinia is an unusual species in another regard: it is a shrub that loses its leaves in the wet season and is leafy throughout the dry season. Two additional species, Ficus and Spondias, which had significantly attractive chloroform extracts in May, became inactive in November. Of the remaining 26 species, all of which had significantly repellent chloroform extracts in May, only 6 species retained their chloroform repellency in November (Ateleia, B. tomentosa, Hemiangium, Hymenaea, Pisonia, and Psidium). Chloroform extracts of four species (Chomelia, Gouania, Malvaviscus, and Muntingia) actually reversed and became significantly attractive in November. The diagonal line in Fig. 1 
Chloroform
divides species showing an increase in repellency from
May to November (upper left) from species showing a decrease in repellency (lower right). Of the 37 species for which we have data for both seasons, only 8 registered an increase in repellency (or a decrease in attractiveness), whereas 29 registered a decrease in repellency, a highly significant difference (P < .0001).
Similar seasonal trends were exhibited by the ethanol extracts (Fig. 2) . However, in May, twice as many species (17) had inactive ethanol extracts than had inactive chloroform extracts. Five of these seventeen species were among the nine with inactive chloroform extracts (Calycophyllum, Cecropia, Randia, Schoepfia, and Stachytarpheta). The two species (Ficus and Spondias) that had significantly attractive May chloroform extracts had even more attractive May ethanol extracts. Of all 36 species, only 9 registered either no change or an increase in repellency from May to November (on or above the diagnoal line in Fig. 2) ; the remaining 27 species registered a decrease in repellency (P < .0001).
The presence of significant activity in both the chloroform and ethanol extracts of a large majority of the survey species raises the question of how these activities are correlated. There is a weak but highly significant positive correlation between chloroform and ethanol activity both in May (r2 = 0.293, P < .01) and in November (r2 = 0.289, P < .01). Thus, there is a tendency for species that are highly repellent (or attractive) in one extract to be highly repellent (or attractive) in the other. Data on the combined activity of both extracts are not yet available, so we cannot determine whether the extracts together would act additively or synergistically. But if we assume simple additivity and obtain a combined index of repellency, this index does no better at predicting which species will be taken by the ants than chloroform or ethanol activity alone (Fig.  3) . Because the field preference tests were pickup bioassays that did not require cutting by the ants, the influence of physical factors on ant choice should be underestimated vis-a-vis chemical factors. Leaf disks used in the preference tests were small enough to be carried by workers of all sizes. An analysis of variance of the leaf density and trichome data (Appendix) confirmed this expectation: none of the physical leaf measurements contributed significantly to the explanation of variance in preference among species. In contrast, May chloroform-extract activity alone accounted for 50.5% (P < .04) of the variance out of the total of r2 = 0.656 explained by the model. Extract activity was expressed in four levels for the ANOVA (0:C -T < 0; 1:0 < C-T< 13; 2:13 < C-T< 17; 3:C-T> 17).
Finally, it is of interest to determine if there is any relationship between patterns of repellency or attractiveness to the ants and plant growth form, phenology, or presence of lactiferous leaves. Although our sample sizes of species in some categories were small, the contingency tables for these analyses indicate little reason to expect strong relationships when sample sizes are increased. Species were divided into those whose extracts were significantly repellent and those whose extracts were not, including species with attractive extracts. The November sample data were not used, because seasonal repellency was greater in May. There was no significant difference in proportion of repellent species in deciduous and evergreen species (Fig. 4) . Although sample sizes were small, there was no suggestion that growth form (shrub, liana, or tree) is associated with either chloroform or ethanol repellency. There was a suggestion that, for chloroform extracts only, lactiferous species might be repellent less often than nonlactiferous species (X2 = 6.39, 1 df); but the sample size for lactiferous species was very small, so this conclusion is suspect.
DISCUSSION
These results show: (1) that chemically extractable ant repellents are common among potential host plant species for Atta cephalotes in the secondary forests of Santa Rosa National Park, Costa Rica; (2) that chemically extractable attractants also occur, but less commonly than repellents, (3) that quantitatively and qualitatively important seasonal changes in repellency and attractiveness occur in many of the species; (4) that chemical repellency and attractiveness predict ant choices in pickup bioassays of leaf preference, but leaf density and trichome characteristics do not; and (5) that there are no strong correlations between repellency and the growth form of a potential host plant species, or whether it is deciduous or evergreen. The foraging data show strong seasonality, both in total foraging activity, and in foraging on the survey species (Fig. 5) . Both curves are strongly bimodal and have, at the beginning of the wet season, a sharp peak that is very narrowly circumscribed in time, and, in the latter half of the wet season, a lower, broader peak. The seasonal coefficient of variation of foraging activity is greater when attention is focused just on the survey species (bottom graph, cv = 0.905) than when foraging on all species is considered (top graph, cv = 0.374). This indicates a compensatory seasonal shift in foraging onto and off the survey species as they change in chemical repellency or attractiveness. Rockwood's (1975 Rockwood's ( , 1976 Rockwood's ( , 1977 ) data from Guanacaste oak and riparian forests show similar trends.
In 1977, when these foraging data were collected, the peak of foraging on the survey species at the beginning of the wet season occurred at the end of May and the 1st 2 wk of June. This peak was exhibited in the foraging patterns on individual tree species as well, including Bursera simaruba and Calycophyllum (Fig. 6) . According to the 1982 chloroform-and ethanol-extract results, Bursera should have been avoided in late May, whereas Calycophyllum should have been attacked; but both were attacked. Both species are predicted to be nonrepellent in late wet season and therefore attacked; this was indeed the case (Fig. 6) .
There are at least three possibilities to explain the May discrepancy in Bursera. 
Chemical vs. physical defenses
Only 7 of the 10 species accepted by the ants in the August pickup bioassay were available to the seven colonies in the 1977 study (Crescentia, Ficus, and Psidium were missing). All but one of these species (Stachytarpheta) were attacked by the ants in November (Bombacopsis, Bursera simaruba, Calycophyllum, Cecropia, Chlorophora, and Spondias were the species taken). All of these species had nonrepellent or attractive chloroform and ethanol extracts in November. Stachytarpheta is one of two species in the survey set that have extremely tarry and resinous leaves (the other species is Muntingia). The lack of repellency of either the chloroform or the ethanol extracts of Stachytarpheta suggests that the defense of this species against ant attack may be physical rather than chemical: its very tarry leaves gum up the mandibles of leaf-cutters. This defense may also operate in Muntingia, especially in November, when both its chloroform and its ethanol extracts become highly attractive to the ants.
Sap adhesion to the mouthparts and appendages of the ants may explain ant avoidance of species with lactiferous leaves. In our sample, most of these species were chemically nonrepellent or even attractive (Appendix). Stradling (1978) , who proposed this mode of physical defense for such species, found that Atta cephalotes readily attacks and cuts the leaves of the lactiferous species Euphorbia leucocephala provided that the leaves are removed from the intact plant. However, if the leaves are still attached to the plant, copious quantities of sap flow when the leaf is cut, quickly discouraging the ants. This defense is not 100% effective against the ants; several lactiferous species are cut seasonally in varying amounts at Santa Rosa. The most heavily exploited lactiferous species is Chlorophora, which ranks fourth among the survey species in the amount harvested annually (G. Stevens and S. P. Hubbell, personal observation). Cutting is seasonal, however. It would be interesting to establish whether lactiferous species are attacked when sap production is reduced, perhaps during drier periods. Because most of the lactiferous species are deciduous, this idea cannot be tested simply by looking for dry-season cutting.
The ants also attacked the following survey species in November, but not in May: Albizzia, Chomelia, Cordia, Eugenia, Genipa, Randia, Stemmadenia, Trichilia, and Zanthoxylum (G. Stevens and S. P. Hubbell, personal observation). These species all exhibited significantly repellent chloroform or ethanol extracts in May and nonrepellent extracts in November (the November sample for Albizzia is missing). However, a few other species, such as Guazuma and Melochia, ). The story is more complicated in Cordia, which yielded seven compounds repellent at natural concentrations in leaves: one sesquiterpene and six triterpenes, all of which have now been structurally characterized (Chen et al. 1983 ).
Malvaviscus has a repellent fatty acid that is partially characterized, and Verbesina has caryophyllene epoxide and a number of partially identified terpenoids. We have also isolated repellents from several other species in the Santa Rosa forest that are not among the survey species. Most of these repellent compounds have been terpenoids.
These results strongly support the hypothesis that plant secondary chemistry plays a major role in hostplant selection by the leaf-cutting ant, Atta cephalotes. However, we caution against overinterpretation of these results. We have shown that chemically extractable repellents and attractants correlate well with ant preferences for leaf material and seasonal patterns of hostplant attack. Thus far, however, we have isolated and identified the specific compounds responsible for leaf repellency in only a small number of species. Until this is accomplished for the remaining species, one cannot be certain that the active extracts would yield compounds active at natural concentrations in leaves. For this reason, we purposely kept concentrations realistically low in this study, testing the activity by using 5% of the extractables. This usually represented 5% of the total dry mass of leaf material extracted.
Hypothesis
Why do leaf-cutting ants avoid plants containing these secondary compounds? The ants could be avoiding plants that are merely distasteful but otherwise perfectly acceptable as a nutritional base for fungal growth. A more likely hypothesis is that the secondary compounds are toxic to the ants, to their fungus, or to both. We have tested this hypothesis in the specific case of caryophyllene epoxide, the repellent compound in Hymenaea courbaril. This compound is a potent, broadspectrum antifungal agent, toxic not only to the attine fungus but to many other fungi as well ). Terpenoids in general are known for their antifungal activity (Stoessl 1970) . We are in the process of testing the antifungal properties of the remaining repellents we have isolated. 
